In vehicular networks, sparse roadside vehicular communication (RVC) systems on highways are difficult to provide full coverage of existing roadways because the distance between the roadside units (RSUs) is farther than the RSU's transmission range. In sparse RVC, collision-free communication is required because the time available for communication is very short. In addition, the collision-free communication has an energy-efficient feature. Therefore, we propose an energy-efficient broadcast MAC protocol in order to expand the service coverage in RVC systems and collision-free communication. The proposed protocol performs a hybrid vehicular communication (HVC). It has a rebroadcast mechanism using a vehicle's velocity, distance, and angle from nearby vehicle for collision-free communication. Then, we show our protocol's performance evaluation using ns-2.
Related Work
The routing protocols using the various metrics already have been studied for the multihop communication in the wireless networks [8, 9] . However, this paper focuses on the MAC layer protocol in order to reduce the routing overhead of the frequent topology changes according to a vehicle's movement characteristics.
Sloted-1 [10] , which is a beaconless approach method, classifies the broadcast range locally and designates it as one "slot. " And it allocates a shorter waiting time to the OBU in the farthest region based on the OBU that transmits data in order to avoid collision. The DDB [11] utilizes the distance of the OBU that an OBU will transmit after receiving data in order to calculate the cover additional area (AC) and the delay time for rebroadcasting. Unlike the case with the aforementioned study, the BCF [12] is a beacon-based approach method. This protocol periodically broadcasts the beacon message that includes the location, direction, and speed. And when a car accident happens, it selects a forwarder using the information of the beacon message.
RVC systems have the higher bit error rate (BER) than IVC systems because of the damage of wireless channel fading caused by the difference in high speed between an RSU and an OBU. Since communication in case of movement in the same direction is considered in IVC systems, the difference in speed is not greater than that of RVC systems. As a way to solve the problem, protocols that use cooperative communication (CC) were proposed. VC-MAC [5] proposed the mechanism to select relay node in order to avoid collision with other OBUs in consideration of the signal to noise (SNR) of the OBUs that received frame normally from the RSUs. ADC-MAC [6] uses CoopTable of CoopMAC [13] to select helper node and provides support for direct transmission (DT), cooperative relay (CR) transmission, and two-hop relay (TR) transmission based on the RTS-HRTS-CTS-HCTS-HACK mechanism. On the assumption that the location of the RSU is known to all vehicles, PVR [7] , which does not use CC, proposed the method to select proxy node based on the information on neighbor nodes until it reached the RSU and to collect the information on nearby nodes in order to transmit data to the RSU. The authors of [14] presented the clusterbased mechanism employed for multimedia transmissions and the cluster head selection algorithm in HVC systems.
The problems found by the related works can be summarized as follows.
(i) There are insufficient studies on SRVC systems. In case of downloading service in SRVC systems, the RSU does not have enough time to provide service to the OBU because of having the limited transmission range.
(ii) Most of the studies did rarely take two-way street into consideration. In the two-way street, since the relative speed of a vehicle in the opposite direction is very high, there is a higher possibility of collision if the network topology changes more quickly in the contention mode.
(iii) The beacon-based mechanism to know the status of neighbor nodes such as BCF, VC-MAC, and ADC-MAC and the cluster-based mechanism causes wasting of bandwidth and frequent collisions.
Application Scenario
Before explaining the MAC protocol designed in this paper, this section explains an application scenario to which our protocol is applied. The application scenario presented in this paper is similar to information downloading scenario presented in VC-MAC [5] . The details, similar to those of VC-MAC, are as follows.
(i) In our scenario, we only consider the downlink, which means that an RSU sends data to an OBU.
(ii) In vehicular networks, every vehicle is equipped with a wireless device.
Their differences are as follows.
(i) Vehicles are equipped with the GPS, which is used for velocity/distance/direction calculation and time synchronization function. They are aware if the moving direction is on an upline or a downline.
(ii) Vehicle communication is assumed on the two-way highway as the system is SRVC system with RSUs installed at a certain interval of distance.
(iii) All RSUs are aware of the pre/post-RSU reaching distance, and intercommunication between them is possible.
In Figure 1 , the upper road means a downline while the lower road means an up line. In this case, when the RSU in the left transmits data, almost every vehicle within the transmission range can receive the data. And a vehicle in the upline uses data forwarding mechanism to send data to other vehicle ahead. If vehicles in the upline/downline continue data forwarding onward, possibility of collision may increase due to data transmission by vehicles in the opposite direction. However, if the restricted region on the downline is designated as A and the one on the upline is designated as B, before vehicles in each direction within the restricted region stop data forwarding, almost all of the vehicles can be within the communication coverage without any collision as shown in Figure 1 . In addition, even though the SNR is not used as the case with cooperative communication, it is possible to have the advantage of spatial reusability in case of having a relatively high BER.
MRB-MAC Protocol
This section presents the design details on the proposed MAC protocol. MRB-MAC is based on the time division multiple access (TDMA) and the IEEE 802.11 PHY. The reason why we select the TDMA instead of the IEEE 802.11p MAC is in order to prevent frame collisions among OBUs during multihop relay broadcast period. The protocol is composed of two components: RSU's broadcast period and OBU's relay broadcast period. In the RSU's broadcast period, the RSU broadcasts the frames to OBUs. In the OBU's relay broadcast period, the OBUs wait for the delay time calculated by the proposed algorithm for the rebroadcast delay time. Then, the OBU with the shortest delay time rebroadcasts the received data frame.
Restricted Region.
In PVC, the restricted region is used in order to prevent frame collisions between the next RSU and the OBU approaching to the RSU. In addition, the restricted region improves in order to prevent frame collisions between the OBUs on the opposite lane.
Let TR RSU and TR OBU denote the transmission range of the RSU and OBU. The restricted region presented by PVR is the distance from the RSU location to 3 × TR RSU [7] . If the OBUs are in the restricted region, they do not transmit anything. As shown in Figure 2 (a), if there is no vehicle in the opposite direction, consideration is taken only into collision-free RSU data frame (RDF) of the RSU. Therefore, the restricted region becomes the distance from the location of the RSU to 2 × TR RSU . Figure 2 (b) shows that a vehicle in the opposite direction leaves from the RSU later than vehicles that move to the right direction. In this case, in order to prevent collision of the OBU's data frame in the opposite direction, the restricted region is set as the distance from the location of the RSU to OBU's 2 × TR OBU . Lastly, Figure 2 (c) shows that vehicles move appropriately on both of the two directions of the road. In this study, the restricted region is designated as the distance from the next location of the RSU to TR RSU + half of the distance between the RSUs.
The distance from the point which a vehicle passes the RSU to the predicted point which the vehicle meets another vehicle on opposite side is computed as
where 1 and 2 are the velocities of vehicles, 1 and 2 are the departure time from RSUs, and RSUs is the distance between RSUs. Then the restricted region arrival distance (RAD) is computed as
where is the number of the vehicles which depart in the opposite direction from the next RSU. Each RSU computes the RAD using (2) with the information of OBUs received from the next/previous RSUs. Then, this value is set to up/down RR distance field when broadcasting the RDF.
RSU's Broadcast Period.
In this period, the RSU broadcasts the RDF periodically, and time slot begins from that point. Figure 3 shows the frame exchange mechanism that takes place after the RSU transmits the RDF. The time slot for the broadcasting of the RDF and the ODF is expressed as RDF and ODF , respectively. RDF , which is the time slot period of the RDF, is calculated as follows:
where (RDF) means the time that is taken for transmitting the RDF. And ODF is calculated as follows:
Then, the RSU's broadcasting interval time is RDF +3× ODF . Figure 4 shows frame format of the RDF. In the figure, lane count field means the one-way maximum lane count of a highway where the RSU is installed. Time stamp field means the time when the RSU has broadcast, while the OBU uses the field to calculate the time slot period of the TDMA. RSU location field means the location of the RSU that transmits the RDF, while up/down RR distances field means the reaching distance up to the restricted region (RR) of up/downline, respectively. The OBU that receives the RDF uses a restricted region distance that is required according to the moving direction. International Journal of Distributed Sensor Networks 5 or a downline before performing the proposed rebroadcast mechanism. If the OBU is on an upline, it performs the rebroadcast mechanism immediately after the time of RDF has passed since the time point of RDF's time stamp field value just as the OBU1 in Figure 3 . If the OBU is on a downline, it waits for the time of ODF before performing the mechanism. This prevents the ODFs that were broadcasted by the OBUs that receive RDF on the up/downline from colliding in the RSU. The RSU calculates the restricted region based on location and velocity of the ODF that it received. The values of time stamp field and RR distances field of an ODF shown in Figure 4 are identical to the field values in the RDF that an OBU received. Based on this fact, if the OBU receives the ODF, procedures as below are taken.
(i) If the OBU receives the ODF that does not have the recent time stamp field value or the ODF of an OBU in the opposite direction, the OBU discards it.
(ii) If the OBU is within the restricted region, it does not perform the rebroadcast mechanism.
(iii) Otherwise, the OBU performs the rebroadcast mechanism.
(iv) If a carrier sensing occurs during the rebroadcast mechanism of the OBU, the mechanism stops.
Rebroadcast Mechanism.
The key to the proposed rebroadcast mechanism is the RDF/ODF rebroadcast delay time algorithm (RDTA). The RDF RDTA is used by the OBU that received the RDF to calculate delay time. The direction and location of the OBU1 are used to induce a linear equation in the two variables while the location and transmission range of the RSU can be used to induce a circle's equation as shown in Figure 5(a) . The RSU should be installed to ensure that the road traverses the transmission range of the RSU so that the two equations have the two solutions. And one of the two solutions becomes close according to the direction that the OBU moves, which becomes the RSU departure location that is the boundary that determines if it goes out of the transmission range of the RSU. For example, the departure distance between the OBU's current location and the RSU departure location is OBU1's D1 and OBU2's D2 in Figure 5(a) . And the OBU calculates the RSU departure time (RDT) based on RDT = OBU's departure distance OBU's velocity .
According to [15, 16] , a safe headway is at least 2 seconds or more because it is impossible to follow a vehicle safely with a headway less than 2 seconds. For example, the safe headways of 100 km/h and 80 km/h are 54 m and 44 m, respectively. Let safe denotes the safe headway (second). Then, when the OBU receives the RDF, its delay time value (DTV) is computed as
where MDT is the maximum delay time. If the RDT of the OBU is smaller than safe , this means that the probability that there is no vehicle in front of it in the TR RSU area is very high. This reduces the number of competing OBUs, which results in reduction of collision probability. The ODF RDTA is used to calculate the delay time of the OBU that received the ODF. While most of the related research works propose the algorithms based on the distance, the proposed RDTA uses the velocity and angle as well as the distance. Using the safe headways, the vehicles that received the ODF compute the number of vehicles in front of them in the same lane in the transmission range by
where the unit of Velocity OBU is " / ", and OBUs is the distance between OBUs, as shown in Figure 5(b) . And the OBU that received the ODF calculates the lane number (LN) of the received OBU in
where OBUs is the distance between OBUs, width is the width of a lane, OBUs is the angle between the direction of the transmitting OBU and the location of the OBU that received the ODF as shown in Figure 5(b) . For example, if the value of LN is 0, this means that the OBU is in the same lane as that of the transmitting OBU. If the value of LN is 2, this means that the OBU is in the second lane above or below. In Figure 5(b) , the OBU can tell if it is in the lane above or below the transmitting OBU because sin( ) is larger than 0, and sin( ) is smaller than 0. However, even though a vehicle is equipped with a GPS device, it is difficult to find out which lane it is on. Therefore, in the proposed algorithm, the OBU that received the ODF based on the transmitting OBU uses the following to calculate its virtual lane number (VLN):
For example, when D, E, and F in Figure 6 (a) receive the ODF that A transmitted, H in Figure 6 (b) becomes the transmitting OBU while the receiving OBUs are K, L, and M, respectively. As a result, the VLNs of K, L, and M are 0, 2, and 4, respectively. In the same way, when C in Figure 6 (a) transmits the ODF, I, J, and K in Figure 6 (b) receive the ODF while the VLNs are 3, 1, and 0, respectively. The ODF delay time value (DTV) is computed using the results of (7) and (9) as
where MLC is the maximum virtual lane count, and tick means the minimum time unit. This provides that if a driver keeps the safe headway, then DTV ODF has a unique value and the collision-free communication becomes possible. If DTV ODF is larger than the maximum delay time, the OBU that received the ODF stops the rebroadcast mechanism. 
Simulation Results
In this section, we show the performance evaluation of the proposed MRB-MAC protocol. The simulation experiments are conducted by ns-2 with version 2.35-RC7 [17] .
The main parameters of our simulations are shown in Table 1 . The physical layer model is a two-ray ground inflection model, and the application is set to be a constant bit rate. In order to set up the other parameters, we refer to "tcl/ex/ 802.11/broadcast validation.tcl" file in ns-2.
The deployment of the vehicles is assumed to be uniform because they move on highways. The number of the vehicles decreases as the distance between them increases when the speed of the vehicles becomes high with the safe headway being the same. The time available for communication with RSU increases as their speed becomes low. Figure 8 shows the aggregated throughputs of MRB-MAC and the no-relay, which received only RSU frames, by the velocity with the distance between RSUs being 1 km (scenario: Figures 7(b) and 7(c) ). From the result, as the velocity of a vehicle increases, the service time for downloading decreases, which leads to the decrement of the throughput. Figure 9 shows the changes of the aggregated throughput of MRB-MAC as the distance between the RSUs changes at 4-lane roadway with 80 km/h velocity (scenario: Figure 7(c) ). From the figure, it can be known that the throughput reduces sharply at the distance between the RSUs of 500 meters and 600 meters. This is because the interference occurs when moving vehicles in two-way directions relay the packets with the maximum sensing range being approximately 220 meters in the simulation configuration. Figure 7(a) ). In the results, however, it is checked that the sharp reduction of the throughputs does not occur at the distance between the RSUs of 500 meters, because the vehicles move in one direction. Figure 11 shows that the average delay increases as the packet length does (scenario: Figure 7(a) ). It is known that as the increment of the data packet length makes both RDF and ODF longer, too big packet makes the interval of RSU receiving RDF take longer as well, which in turn leads to the performance degradation.
Conclusion
In this paper, we have proposed an energy-efficient multihop relay broadcast MAC protocol, which is designed for RSU downloading service in RVC systems. The RVC system has a disadvantage that its service coverage is small. In order to overcome it, we first present the restricted region for collision-free communication among RSUs and OBUs. Then, we design a protocol with a rebroadcast mechanism using a vehicle's velocity, distance, and angle from nearby vehicles. Simulation results show that the proposed protocol provides the expanded service coverage with energy-efficient collisionfree communication. A disadvantage of our protocol is that network connectivity may not be guaranteed in a scenario with low vehicle density. However, by adjusting the distance between RSUs adequately depending on traffic volumes when an RSU is installed under a SRVC system, our protocol is expected to provide the good performance. In the future, we will focus on the cooperative communication in the urban scenario as well as the highway scenario.
